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Abstract Ozone (Oi) is the most important trace constituent of the stratospher? Incidents such a.s the industrial emissions of CFCs, 
supersonic transporLs, and volcanic cRiptions provide a most visible example of global unbalance in our natural ecology Among other scientific 
and socio-economic fallouLs from this, the aggravation of the phenomenon of ozone layei depletion (OLD) is particularly disturbing I-vents like 
m i  Montreal Protocol explain the magnitude of the threatening status qf the OLD 1 or OI D analysis, to overcome doubts of the elTcctivcncss of 
Ik  rnallicmalical formulation against the empirical relation, tliis work studies the formulation of the phenomenon ofOLD as a physical process, 
w ith  special rcfciencc to the stratospheric region of Pakistan fhis paper establishes the results of preliminary calculations reported elsewhere, 
coiilirnimg quantitatively the phenomenon of OLD
Kim words * layer depletion, stratosphere of Pakistan, assessing structure of O, variations 
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Inttoduction
u , is one o f  th e  sp e c ie s  p ro d u c e d  by  th e  p h o to c h e m ic a l 
reaciions in th e  s t ra to s p h e re . O z o n e  O i a b so rb s  a lm o s t all 
oiai UV ra d ia tio n  o f  w a v e le n g th s  le ss  th a n  - 3 2 0  n m  
n.inomctcr) a n d  p re v e n ts  h a rm fu l ra d ia tio n  fro m  a rr iv in g  at 
ilk earth 's su r fa c e . W ith o u t th e  O 3 sh ie ld , ev en  lo w e r 
.inimals co u ld  n o t su rv iv e , s in c e  th e  h a rm fu l U V  ra d ia tio n  
\M)iild d e s tro y  c h ro m o s o m e s  in  th e  ce ll n u c le u s , th u s  
P'nhihiting c e l lu la r  m u l tip lic a tio n . E x p o s u re  to  th e  p ro p e r  
iinount o f  U V  ra d ia tio n  h a s  b e n e f i ts  su c h  as  p ro d u c tio n  o f  
Vuaniin D in th e  h u m a n  b o d y  b u t e x c e s s  e x p o su re  re su lts  
in hamiful e ffe c ts  su c h  as  s u n b u rn , sk in  c a n c e r , c a ta ra c t, etc. 
 ^ature p ro te c ts  life  o n  th e  su r fa c e  o f  th e  e a r th  b y  m a in ta in in g  
proper am o u n t o f  O 3 in  th e  m id d le  a tm o sp h e re . T h u s , i f  th e  
amount o f  s t ra to s p h e r ic  O 3 s h o u ld  c h a n g e , life  o n  th e  ea rth , 
as \vc kn o w  it, w o u ld  c h a n g e . T h e re  a re  se v e ra l h u m a n  
k tiv itics th a t  m a y  c a u s e  s ig n i f i c a n t  c h a n g e s  in  th e  
'ilrdiospheric O 3 .
riicse c h a n g e s  in c lu d e  N O t  e m is s io n s  fro m  S u p e r  S o n ic  
transport (S S T ) a ir c ra f ts ,  th e  re le a s e  o f  c h lo ro f lu o ro c a rb o n s  
s) from  a e ro s o ls  s p ra y  a n d  c a n s , a n d  re f r ig e ra to rs , an d
in c re a se  o f  N ^O  in th e  a tm o sp h e re  d u e  to  fe r til iz in g  
a g ric u ltu ra l fie ld s  [ 1- 3 ].
r h e  b io sp h e ric  re so u rc e  c o n su m p tio n  in in d u s tr ia lly  
d e v e lo p e d  co u n tr ie s  seem s to  e x c e e d  th a t in th e  d e v e lo p in g  
w o rld . T h is  is re su ltin g , a m o n g  o th e r  a d v e rse  e ffe c ts , in th e  
p ro d u c tio n  o f  h u n d re d s  o f  th o u sa n d s  o f  a n th ro p o g e n ic  
su b s ta n c e s , 'u n n a tu ra l' c h e m ic a ls  d u b b e d  x c n o b io tic s  w h ic h  
are  fo re ig n  to  liv in g  o rg an ism s . M an y  o i‘ th e se  h a v e  fo u n d  
th e ir  w ay  in to  the b io sp h e re  an d  h av e  b een  c la s s if ie d  as 
to x ic . S u ch  e n v iro n m e n ta l to x ic ity  p o se s  p o te n tia l h a z a rd s  
to  th e  e n tire  liv in g  e n v iro n m e n t, b e in g  c a p a b le  o f  p o iso n in g  
ev en  v a r io u s  'fo o d c h a in s ' o f  o c e a n s  an d  th e  su rfa c e  o f  ea rth
[4]. A p a rt from  su lp h a te  c o m p o u n d s  an d  h a lo n s  etc., C F C s 
h a v e  in p a rtic u la r , w ro u g h t o u t p e r tu rb a tio n s  o f  th e  b io sp h e re  
a m o n g  w h ich  th e  lay e r d e p le tio n  (O L D ) s ta n d s  firs t [5]. 
D ue  to  th e  d e s lru c lio n  o f  O 3 b la n k e t an d  th e  re su ltin g  
a rtific ia l c lim a tic  c h a n g e  — g lo b a l w a rm in g  [6 ] — w e are  
fac in g  a b n o rm a lly  h ig h  in c id e n c e s  o f  U V -B  ra d ia tio n  on  th e  
su rfa c e  o f  ea rth  [7 -1 0 ] . N u m e ro u s  fac ts  h av e  b een  fo u n d  
w h ic h  te s tify  to  th e  d e s tru c tiv e  im p ac t o f  U V -B  ra d ia tio n  d u e  
to  O L D  on a q u a tic  o rg a n ism s  1 1 1 -1 7 ] .
'Ilk woik was carried out under the grant of study leave from the Department ot Aplied Physics, University ot Karachi, Karachi 75270, Pakistan.
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T h e  leg a l d o c u m e n t s ig n e d  b y  as m a n y  as 2 4  c o u n tr ie s  
on  O 3 d e p le te rs , su b je c t to  ra t if ic a tio n  in 1987 (a n d  k n o w n  
as th e  M o n tre a l P ro to c o l) , c o n s is ts  o f  m a in  p o in ts  such  as 
f re e z in g  C F C  c o n su m p tio n  to  8 0 %  o f  th e  lev e ls  o f  1986 an d  
re d u c in g  C F C  u se s  to  5 0 %  o f  th e  1986  lev e ls  [1 5 ,2 0 ]. 
L ik e w ise , a  sp e c ia l se s s io n  o f  th e  U N  G en e ra l A sse m b ly  
to o k  p la c e  in Ju n e  1997  to  d is c u ss  th e  re su lts  a c h ie v e d  d u rin g  
th e  5 -y e a r  p e r io d  a f te r  th e  A g e n d a  21 an d  F ra m e w o rk  
C o n v e n tio n  fo r C lim a te  C h a n g e . H e re , it is w o rth  n o tic in g  
th a t th e  lo w  lev e l o f  c a rb o n  e m iss io n s  in th e  fo rm e r 
U S S R  c o u n tr ie s  is a  re su lt o f  d e c lin in g  eco n o m ie s . A g a in , 
in C h in a  a n d  In d ia , th e  e m iss io n s  a re  low . B u t in v iew  o f  
th e  n e c e ss ity  o f  fu r th e r  in d u s tr ia l d e v e lo p m e n t in su ch  
c o u n tr ie s , it is o b v io u s  th a t th e  to ta l e m iss io n s  a re  e x p e c te d  
to  in c re a se  in  th e  n e a r  fu tu re  [ 8 , 1 0 ] i f  w e all m a in ta in  s ta tu s  
q u o . In  o th e r  w o rd s , i f  th e  C F C s fo llo w e d  fre e -m a rk e t 
g ro w th  u n til 2 0 0 2 , th e  A n ta rc tic  O 3 h o le  w o u ld  b e  a  
p e rm a n e n t f ix tu re  th ro u g h  th e  2 1 -s t c e n tu ry , in s tead  o f  
d is a p p e a r in g  b y  2 0 5 0  as p re d ic te d  in th e  C o p e n h a g e n  1992 
sc e n a r io  [1 0 ,1 8 - 2 1 ] .
H o w e v e r, a f in n  c o n n e c tio n  b e tw een  C l 'C s  an d  th e  
A n ta rc tic  O 3 h o le  (O 3 la y e r d e p le tio n  o r  O L D ) h as b een  
e s ta b lish e d . In th is  c o n te x t, a b a s ic  an d  d e c is iv e  ro le  b e lo n g s  
to  u n d e rs ta n d in g  th e  p h e n o m e n o n  o f  O L D  as a p h y sica l 
p ro c e ss . In  p a r t ic u la r , a n a tu ra l an d  m o re  in te re s tin g  q u e s tio n  
is a b o u t th e  e f fe c ts  o f  O L D  in re g io n s  o th e r  th a n  th a t o f  
A n ta rc tic  itse lf , fo r  in s ta n c e , im p a c ts  w ith  re fe re n c e  to  
P a k is ta n 's  a tm o sp h e re  12 2 -2 6 ] .
T h e  p re s e n t s tu d y  su p p le m e n ts  o u r  e a r lie r  p a p e r  [27 ], 
b a sed  on  d a ta  d e v e lo p e d  via o b se rv a tio n a l p ro g ra m m e s  
o n  the  g lo b a l O 3 d e te c tio n  n e tw o rk  c o n d u c te d  u n d e r  th e  
a u sp ic e s  o f  U N O , an d  in tro d u c e s  h e re  th e  p ro b lem  o f  
s tu d y in g  th e  c o n te m p o ra ry  v a r ia b ility  o f  O 3 c o n te n ts  as a 
p ro cess .
S e c tio n  2  in tro d u c e s  so m e  te c h n iq u e s  to  a sse ss  the  
b e h a v io u r o f  O I.D  p rio r  to  e m b a rk in g  on  a  fu lle r  m a th em a tica l 
fo rm u la tio n . S e c tio n  3 th en  d e a ls  w ith  th e  p ro b le m  o f  
e s tim a tin g  th e  p r in c ip a lly  im p o rta n t d is tr ib u tio n  p a ra m e te rs , 
w h ile  S e c tio n  4  a tte m p ts  a fo rm u la tio n  o f  O L D  as a p ro cess . 
F in a lly , S e c tio n  5 c o n c lu d e s  th e  c o m m u n ic a tio n .
2. A sse s s in g  th e  b e h a v io u r  o f  s t r a to s p h e r i c  O 3 v a r ia t io n s
A s in d ic a te d  in S e c tio n  I , to  u n ite  th e  e m p ir ic a l sp ir it w ith  
the  m a th e m a tic a l fo rm u la tio n , w e  w ill b a se  o u r c o n sid e ra tio n s  
on  th e  O 3 t im e  e v e n ts
{X,}. ( / e { l , 2 ........ 4 8 0 } ). (1 )
T h is  c o m m u n ic a tio n  c o m p r ise s  o f  th e  m o n th ly  o b se rv a tio n s  
fo r  P ak is tan  c o v e rin g  a p e rio d  fro m  Jan u a ry  I9 6 0  to  D ecem b er 
1999. E x is ten ce  o f  an acu te  p ro b lem  is im m ed ia te ly  c o n firm e d  
by  a lo o k  a t th e  v a ria tio n  o f  o z o n e  d e p th s  a g a in s t tim e
(F ig u re  1) w h ich  c le a r ly  sh o w s th a t th e  d e p le tio n  fa r  exceeds 
th e  re s to ra tio n  o f  O 3 in  th e  e a r th 's  s tra to sp h e re . W e firs t try
TM 19B0 Nno
Figure 1. Variations of ozone depths versus time, showing (hat the 
depletion far exceeds the restoration of Oi in the earth's stratosphere
to  lo o k  in to  th e  o b v io u s  g e n e ra l c h a ra c te r  o f  th is  'p rocess ' 
an d  a ssu m e  th a t th e  4 8 0  o b se rv a tio n s  p o sse ss  sta tistica l 
in d e p e n d e n c e , th o u g h  (c o n tra ry  to  c o n v e n tio n a l thin^ving) 
th e y  m a y  n o t sh a re  th e  sam e  p ro b a b ili ty  d is tr ib u tio n . B ecause 
o f  its m o re  p o w e rfu l c h a ra c te r  { c ,g . o v e r  th a t o f  th e  fam iliar 
C h i-sq u a re  te s t (;if^-tcst)) an d  its su ita b ility  e v e n  fo r sm all 
sa m p le  sizes , w e  n ex t in v o k e  th e  te c h n iq u e  o f  K o lm o g o ro v - 
S m im o v  (K S ) g o o d n e ss -o f-f it  te s t fo r  c o m p a r in g  an o b served  
sa m p le  sp ace  w ith  th e  th e o re tic a l d is tr ib u tio n  [2 2 ],
N o w  o u r  n u ll h y p o th e s is  ( //o )  in th e  K .S-test is th a t the 
o b se rv e d  d is tr ib u tio n  d o e s  no t d if fe r  s ig n if ic a n tly  fro m  the 
th e o re tic a l d is tr ib u tio n . T h is  te s t m a y  b e  ta k e n  to  m ean  that 
it p in p o in ts  the  m a x im u m  a b so lu te  d if fe re n c e ,
IV- m a x l F o - F , i  (2)
b e tw een  F^'s an d  Fo's. T h u s , w e m u s t c a lc u la te  a  cu m u la tiv e  
e x p e c te d  f re q u e n c y  F^ e x p re s se d  as  a  p ro p o r tio n  o f  the 
to ta l fo r  each  o b se rv e d  fre q u e n c y  Fo in th e  se r ie s  ( I ) .  In 
T a b le  1, w e  f in d  th a t tlie  O 3 d e p th  o f  a b o u t 2 9 0  D U  occurs 
a t th e  m ax im u m  d if fe re n c e  o f  a b o u t 0 .0 4 2  [eq . (2 ) ] , recalling  
th a t th e  o rig in a l d a ta  a re  m e a su re d  in D o b so n  u n it [ I DU 
1 0 "^ cm  o f  O 3 a t S J T  o f  th e  a tm o sp h e re ]  [27 ]. I f  w e  can 
a rg u e  th a t th is  a b so lu te  d if fe re n c e  is s ig n if ic a n tly  la rg e , then 
w e  w o u ld  re je c t th e  n u ll h y p o th e s is  ( / / q) an d  th e  co n ten tio n  
th a t th e  d e p th  o f  O 3 la y e r  is fro m  a  c o m p le te ly  norm al 
d is tr ib u tio n .
W e can  p e rfo rm  th e  K S -te s t to  g e t o u r  fV as  fo llo w s. As 
u su a l, w e  c h o o se  fo r  th e  p u rp o se , a  c o n f id e n c e  leve l o f  9.S% 
so  th a t the  s ig n if ic a n c e  lev e l is d e te rm in e d  b y
9 5 %  -  ( I  -  a )1 0 0 %  => a =  0 .0 5 . (3)
T h u s, as th e  s ize  o f  sa m p le  sp a c e  o f  O 3 c o n c e n tra tio n  is n 
> 3 5 , th e  IF -value as c a lc u la te d  fro m  K S -ta b le s  c o m e s  to be 
1 -3 6 /^ 4 8 0  0 .0 6 2 . A s th is  v a lu e  e x c e e d s  th e  IV g iv en  by
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cq. (2 ) , w e  a c c e p t Ho a n d  a s s u m e  th a t O L D  co u ld  be 
s im u la ted  b y  sa m p lin g  fro m  a  n o rm a l d is tr ib u tio n  w ith  a
l  abk 1. Kolomogorov-Smimov goodncss-of-lit icsL
Ozone
olh
Cumu % 
observed
mmu % expected
190 0 000 0001
200 0 0283 8509
210 0 0283 0090
220 0 6250 .0603
230 1.2500 8180
240 1 8750 .3210
2.S0 2 7083 .3508
260 7 500 4544
270 21 0417 3817
280 44.7917 6443
200** 66 8750 6728
300 83.7500 7249
310 92.2917 9954
320 97 5000 7779
330 83 3333 .0807
340 99 3750 7924
350 5833 9631
360 99 7917 9994
370 100 000 9999
infinity 100 000 0 000
** Indicates the depth of O] 
difference 0 042
-  290 DU which occurs at the maximum
m ean X  an d  s ta n d a rd d e v ia tio n  cr. A c c e p tc n c e  o f  the
C K  =  ~ - 0 . 0 7  
.V (4 )
h y p o th es is  Hq i.e. th e  g o o d n e s s -o f- f i l  to  a  n o rm a l d is tr ib u tio n  
IS fu r th e r  c o rro b o ra te d  b y  th e  K S -p lo t sh o w n  in F ig u re  2.
y y "y
g s i j i f
III
5 0 ?  
? :0 0
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Eq. (4 ) sh o w s th a t th e  d is tr ib u tio n  p o sse sse s  p o s itiv ity  an d  
r ig h t-sk ew ed n ess . M o reo v e r, th e  su ffic ie n tly  low  v a lu e  o f  
th e  ca lc u la ted  CT in d ica tes  a  g o o d  d e g re e  o f  n o rm a lity  
o b ey ed  by the d if le re n t d ep th  ev en ts . T he  a b o v e  n u m e ric a l 
e s tim a te  in d ica tes  th a t ju s t  ab o u t 7 .0 %  o f  th e  d a ta  is n o n ­
n o rm al.
3. E s t im a t in g  th e  s ize  o f  s t r a to s p h e r i c  r e s id e n t  O j  
f lu c tu a t io n s
A m o n g  the stan d ard  c lassica l an d  m o d e m  too ls fo r  p a ra m e te r  
e stim a tio n , w e m ay  ch o o se  the  M M E  (m e th o d  o f  m o m e n t 
e s tim a to r)  te c h n iq u e  fo r o u r c u rren t c o n te x t b e c a u se  o f  its 
sev era l u sefu l p ro p e rtie s  d iscu ssed  in th e  s ta n d a rd  lite ra tu re  
[28 :2 J
T o  p ro d u ce  accep tab le  es tim a te s , th e  fo llo w in g s  a re  th e  
m o s t w id e ly  u sed  m e th o d s  :
(i) T he  m e th o d  o f  m o m en ts ,
(ii) T he m eth o d  o f  M ax im u m  lik e lih o o d  e s tim a tio n .
In th is co m m u n ic a tio n , w e u se  th e  m e th o d  o f  m o m e n ts  
to  e stim a te  the  p o p u la tio n  p a ra m e te rs , su ch  as  m ean  o f  th e  
p o p u la tio n  from  the  sam p le  d is tr ib u tio n , s ta n d a rd  d e v ia tio n , 
and  v a rian ce  o f  th e  p o p u la tio n . T h e  m o m e n ts  a re  essen tia lly  
fu n c tio n s  o f  th e  sam p lin g  d is tr ib u tio n  o f  a ra n d o m  v ariab les . 
T he  m eth o d  o f  m o m en ts  is an e s tim a tio n  te c h n iq u e  w h ich  
su g g es ts  that th e  u n k n o w n  p a ra m e te rs  m e n tio n e d  a b o v e  
sh o u ld  b e  estim a ted  by m a tc h in g  p o p u la tio n  (o r  th e o re tic a l)  
m o m e n ts  (w h ich  are  fu n c tio n s  o f  th e  u n k n o w n  p a ra m e te rs )  
w ith  th e  a p p ro p ria te  sam p le  m o m en ts . M e th o d  o f  m o m e n ts  
e s tim a to rs  (m m e ) arc  b ased  on th e  sam p le  id ea  o f  e q u a tin g  
the  sam p le  m o m en ts  b ased  on  th e  d a ta  w ith  th e  m o m e n ts  o f  
the  p ro b a b ility  d is trib u tio n .
7he r-th moment of a distribution
T lie  r-th moment o f  a ran d o m  v a ria b le  X  is o ften  d e n o te d  by
p, - £(x’ ). (5)
T h e  firs t m o m e n t o f  x is ca lled  th e  mean o f  jr an d  is u su a lly  
d en o ted  s im p ly  by //. T h a t is .
/ j  = £ ( j f ) .  (6 )
T h e  fo rm u la  fo r  th e  r- th  sam p le  moment is
l^igurc 2. Kolmogrov-Smimov (KS) goodness-of-fit for OLD to assess 
how sell the data set appears to come from a normal distribution
A s a  fu r th e r  c h e c k  o f  th e  c o rre c tn e s s  o f  th e  ab o v e  fin d in g , 
we m a y  c o n s id e r  th e  s c a t te r  o f  th e  d is tr ib u tio n  re la tiv e  to  th e  
size o f  th e  e s t im a te d  m e a n  re v e a le d  b y  th e  c o n c e p t o f  
c o e ff ic ien t o f  v a r ia tio n ,
(7 )
T h u s, th e  m e th o d  o f  m o m e n ts  e s tim a to rs  o f  th e  m e a n  o f  th e  
d is tr ib u tio n  is
M
(8)
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T h e  q u a n ti ty
n
i-1
is c a l le d  th e  s a m p le  m e a n .
The Mh central moment o f a distribution :
(9 )
T h e  se c o n d  c e n tra l  m o m e n t o f  th e  ra n d o m  v a r i a b le s  is ca lled  
th e  variance a n d  is u su a lly  d e n o te d  b y  T h a t is
= / 7 2  = E{{x-  (1 0 )
T h e  sq u a re  ro o t o f  th e  s e c o n d  c e n tra l m o m e n t is c a lle d  th e  
standard deviation o f  x a h d  is u s u a l ly  d e n o te d  b y  <j.
T h e  m a th e m a tic a l e x p re s s io n  fo r  th e  r~th sample Central 
moment is
/^i
( 11)
T h u s  m e th o d  o f  m o m e n t e s t im a to r  o f  th e  v a r ia n c e  o f  th is  
d is tr ib u tio n  is
( 12)
1-1
a n d  th e  m o m e n t e s t im a to r  o f  th e  s ta n d a rd  d e v ia t io n  o f  th is  
d is tr ib u tio n  is .
I f  th e  a v e ra g e  v a lu e  o f  an  e s t im a to r  e q u a ls  th e  p o p u la tio n  
p a ra m e te r , th e  e s t im a to r  is sa id  to  b e  unbiased I f  th e  a v e ra g e  
v a lu e  is less o r  g re a te r  th a n  th e  p o p u la t io n  p a ra m e te r , th e  
e s t im a to r  is sa id  to  b e  n e g a tiv e ly  o r  p o s i tiv e ly  b ia se d  o r 
s im p ly  b ia se d .
A  normal distribution is c h a ra c te r is e d  b y  its m e a n  (jS) 
a n d  v a r ia n c e  ( o ^ )  o r  s ta n d a rd  d e v ia t io n  (cr).
( = X )  =  2 8 3 .6 5  D U , (1 3 )
w h ic h  c a n  b e  ta k e n  to  p ro v id e  an  e s t im a te  o f  th e  p o p u la t io n  
m ean  p
E { x , - X y
=  3 8 6 .5 2 . (1 4 )
th e  s m a lle s t  v a r ia n c e  a m o n g  a ll u n b ia s e d  e s tim a to rs  of 
N o w , a s  X  is a p p ro x im a te ly  n o rm a l, o n e  w a y  to  ascertain 
th e  a c c u ra c y  o f  o u r  Ji c o n s is ts  o f  c o n s tru c tin g  a  large-sample 
( l - a ) I O O %  c la s s ic a l c o n f id e n c e  in te rv a l  (C l)  for Hu 
p o p u la t io n  m e a n . In s e r tin g
= X,  cTjf =  o '/V n
in to  th e  u su a l e x p re s s io n  fo r  th e  c o n fid en ce  interval gives
( I 8 i
w h e re  Zan th e  v a lu e  o f  th e  s ta n d a rd is e d  n o rm a l variable 
z th a t lo ca te s  an  a re a  o f  a l l  to  its  r ig h t. A s  /i >  50 in our 
c a se , th e  a p p ro x im a tio n  (1 8 )  fo r  C l is q u ite  satisfactory ' in 
fac t, w h e n  th e  v a lu e  o f  p o p u la t io n  s ta n d a rd  dev ia tio n , sa\ 
.V is u n k n o w n , th e  sa m p le  s ta n d a rd  d e v ia t io n  <7 m ay  be used 
to  a p p ro x im a te  in eq . (2 0 ) fo r  th e  C l.
N o w , u s in g  n o rm a l d is tr ib u tio n  ta b le s , w e  fin d  that the 
a re a  to  th e  le ft o f  z -v a lu e  cr, viz. <P{a) =  ( 1  - a H )  0.^ 7*^  
y ie ld s  a ^ 1 .96 , so  th a t z  lies b e tw e e n  - 1 .9 6  an d  1.96 In 
o th e r  w o rd s , 9 5 %  o f  O L D  sa m p le  o f  s iz e  n b e in g  considered, 
lie s  b e tw e e n  c o n f id e n c e  lim its  d e sc r ib e d  b y  th e  following 
ra n g e  :
X -  1 . 9 6 - ^  < n < X  + 1 . 9 6 - ^ -  
f n  f n (19)
P lu g g in g  v a lu e s  in eq . (1 4 ) , w e  se e  th u s  th a t th e  s ta n d a rd  
d e v ia tio n  m a y  b e  ta k e n  as
a  19 6 6  D U . (1 5 )
T h e  a b o v e  (p o in t)  e s t im a te  fo r  p  is o f  l i tt le  v a lu e  u n le s s  w e  
k n o w  h o w  a c c u ra te  th e  e s t im a te  is lik e ly  to  b e . A c c o rd in g  
to  th e  c e n tra l l im it th e o re m , w e  k n o w  th a t fo r  su f f ic ie n tly  
la rg e  n (h e re  n b e in g  4 8 0 ) , th e  sa m p lin g  d is tr ib u tio n  o f  th e  
sa m p le  m e a n  X  is  a p p ro x im a te ly  n o rm a l w ith
E(X) = p , v(x ) = ct'^ In- (1 6 )
X  m a y  b e  c o n s id e re d  as  th e  b e s t e s t im a to r  o f  / /  in  v iew  o f  
th e  re la tio n  (1 8 )  a n d  b e c a u se  it is  e a sy  to  sh o w  th a t  X  h a s
In v ie w  o f  eq . (1 7 ) , th e  p o p u la t io n  m e a n  p  th u s  lies in the 
in te rv a l
^ ± 1 . 9 6 x 1 9 . 6 6 / 7 4 8 0  1 .76 . (20)
T h e  c o n f id e n c e  lim its  (1 9 )  a re  g e n e r ic  in th a t they  diffci 
fro m  sa m p le  to  sam p le . F o r th e  sp e c if ic  O 3 d e p th  sam ple (11 
fo r w h ic h  X  =  2 8 3 .6 5 , th e  c o n f id e n c e  lim its  a re  given b) 
8 1 .8 9  < p <  2 8 5 .4 1 , (2Ii
w ith  th e  p ro b a b ili ty  o f  su c h  an  o c c u rre n c e  o f  th e  population 
m e a n  b e in g
P{X - \ J 6 < p < X  + 1 .76) =  0 .9 5 . (2n
In o th e r  w o rd s , w e  k n o w  th a t  o u r  p a r t ic u la r  sa m p le  has 95" 1 
p ro b a b ili ty  th a t th e  p o p u la t io n  m e a n  p  w ill lie  betw een the 
in d ic a te d  c o n f id e n c e  lim its .
E q . (1 3 )  le n d s  c re d e n c e  to  a  p h y s ic a l p ic tu re  o f  the time 
e v e n ts  (1 )  a s  a  s ta tio n a ry  p ro c e s s  in  th a t F ig u re  1 shows a 
d o m in a n c e  o f  tim e  e v e n ts  r e s e m b lin g  o u r  p.  T h is  in turn 
n e c e s s ita te s  a  s e a rc h  fo r  th e  p o s s ib il i ty  o f  fu r th e r  structuml 
p a tte rn , w h ic h  w e  ta k e  u p  in th e  n e x t  se c tio n .
4. Conformation of stratospheric resident 0 3  fluctuations j
T h e  f lu c tu a tio n s  in  d e p th  o f  O3 la y e r , a r is in g  from 
in te ra c t io n s  w ith  v a r io u s  a tm o sp h e r ic  p ro c e s se s , measured 
a t d if fe re n t  p o in ts  o f  t im e  d u r in g  th e  y e a rs  1960-1999  can 
b e  th o u g h t o f , a t le a s t in  p a r t , as  e m e rg in g  f ro m  randomness
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as a p a r t ic u la r  re a l is a tio n  o f  a  s to c h a s tic  p ro c e s s  [2 8 -3 0 , 
3 4 , 3 5 ]. W e  h a v e  d e c i d e d  to  i g n o r e  -‘ f r a c t a l i t y ’ , 
‘m u ltif ra c ta li ty ’, ‘d e te rm in is t ic  c h a o s ’ [3 3 ] fo r  m a th e m a tic a l 
tractab ility . T h e  q u e s t io n  is h o w  to  s ift th e  c o m p le x ity  o f  
the re s to ra t io n  a n d  d e p le t io n  o f  th e  s tra to sp h e ric  re s id e n t 
O3 in o rd e r  to  u n d e rs ta n d  th e  in h e re n t s to c h a s tic  c h a ra c te r  
and to  d is c o v e r  in te re s t in g  s tru c tu ra l p ro p e r tie s  o f  O L D . 
The tre n d  s e t b y  n e w e r  d e v e lo p m e n ts  su c h  as  s im u la tio n , 
sym bol d y n a m ic s ,  c h a o s  re s e a rc h , etc. in  a tm o sp h e ric  
sc iences, m e te o ro lo g y  — as c o n tra s te d  w ith  th e  a g e -o ld  
d e d u c tio n -in d u c tio n  d ic h o to m y  — su g g e s ts  th a t w e  in v o k e  
the id ea  o f  a  c o n tro lle d  m o d e l , th e  n o tio n  o f  s im p le r 
rep ea tab le  re p re s e n ta t io n , to  h e lp  u s d e f in e  an d  c ry s ta llis e  
the re a lis tic  s i tu a tio n  o f  th e  c o m p le x  'p ro c e ss ' in h an d . 
For an i l lu s tra tio n , su c h  an  a tte m p t a t d e d u c in g  in fe r  a b o u t 
the p h y s ic a l m e c h a n is m  g e n e ra t in g  th e  se r ie s  o f  O 3 e v en ts  
from th e  p ro c e s se s , m a y  b e  p a r tia lly  lik en ed  to  a  p o p u la tio n  
from  a  s a m p le  in  th e  s e t t in g  o f  c la s s ic a l  s ta t is t ic a l  
analysis.
A s a lr e a d y  in d ic a te d , fo r  th e  sa k e  o f  c o n v e n ie n c e , w e 
m ay tre a t th e  p ro c e s s  ( I ) as  a  lin e a r  p h e n o m e n o n  ra th e r  th an  
a n o n lin e a r o n e . Thus^ in k e e p in g  w ith  th e  sp ir it  b e h in d  th e  
m ost g e n e ra l as  w e ll as  th e  p r im e  e x a m p le  o f  ab initio 
m ath em a tica l fo rm u la t io n  o f  a  p ro c e s s  viz. g e n e ra lis e d  lin e a r 
m o d e llin g , an  im m e d ia te  c a n d id a te  se e m s to  b e  m u ltip le  
reg re ss io n  a p p ro a c h  b u t o n e  in  w h ic h  so m e  o r a ll th e  
ex p lan a to ry  v a r ia b le s  a re  'la g g e d ' v a lu e s  o f  a  'tim e -d e p e n d e n t' 
random  v a r ia b le  Xt. T h u s , ta k in g  in to  a c c o u n t th e  m u tu a lly  
reg ress iv e  re la tio n sh ip  b e tw e e n  ra n d o m  v a r ia b le s  X, —  
d efin in g  th e  sp a c e  ( 1 ) — a ris in g  fro m  th e  te m p o ra l in te r­
d e p en d en ce  o f  Xi o n  its p re d e c e s so r  Jf/ j, w e  n a tu ra lly  land  
on a fo rm u la t io n  o f  X, as  a  lin e a r  c o m b in a tio n  o f  its tw o  
im m ed ia te ly  p re c e d in g  v a lu e s , w h ic h  in  tu rn , re a d ily  y ie ld s  
the fo llo w in g  sp e c ia l c a se  o f  a  g e n e r ic  m u ltip le  reg re ss io n  
m odel :
X, =  a ,  + ^ (2 ^ )
w here  k m a y  o b v io u s ly  b e  d u b b e d  as  th e  o rd e r  o f  th e  m o d e l 
(23), th e  v a lu e  x, a ( o f  th e  ra n d o m  v a r ia b le  Xt k) c an  be 
d es ig n a ted  th e  la g g e d  v a lu e  o f  x a t tim e  {t -  k \  a n d  yt m ay  
be tak en  to  s ta n d  fo r  th e  p o s s ib le  w h ite  n o is e  o v e r  th e  m ain  
signal re p re se n te d  b y  o th e r  te rm s  in eq . (2 3 ). F o r m a th em a tica l 
trac tab ility  (s o  as  to  a v o id  fu r th e r  c o n s tra in ts  o n  th e  sy s tem , 
such as  th e  im p o s itio n  o f  th e  a s s u m p tio n  o f  m o v in g -a v e ra g e  
h y p o th es is) , w e  ig n o re  h e re  o th e r  te rm s  in cq . (2 3 )  an d  se ttle  
dow n to  a  m o d e l e q u a tio n
Xt=P^X, , i -^at  (2 4 )
for th e  d e sc r ip tio n  o f  th e  tim e -d e p e n d e n t h is to ry  o f  O 3 
depths. T h e  c ru c ia l  a s s u m p tio n  fo r  o u r  m o d e l (2 4 ) , o th e r  
than th o s e  a lr e a d y  in d ic a te d , is th a t a / s  a t d if fe re n t t a re  
in d ep en d e n t i.e. at is  in d e p e n d e n t o f  a /_ i ,  a ,„ 2> T h is , in
tu rn , im p lies  th a t is in d ep en d e n t o f  A ,_2 , A;_3 , ■■■ to o  ( th is  
b e in g  an  e x p re ss io n  o f  th e  fac t th a t eq . (2 4 )  is s e lf - re g re ss iv e  
o f  o rd e r  1 ).
N o tice  th a t th e  m o d e l (2 4 ) is k in d  o f  c o n d itio n a l reg re ss io n  
in th a t a t tim e  / -  1, w h en  X, - 1 is fix ed , eq . (2 4 )  is a re g re ss io n  
m o d e l. In  ad d itio n  to  th e  co m p le te ly  d e p e n d e n t c o n s titu e n t 
(g iv en  b y  P\ Xt. 1) o f  A/ in th e  m o d e l (2 4 ) , w e  h a v e  a n o th e r  
c o n s titu e n t o f  Xt w h ich  h a p p e n s  to  be in d e p e n d e n t o f  
t^~\ (g iv en  b y  ai). A t tim e  / -  1, as A  is an  u n k n o w n  ran d o m  
v a ria b le , so  is a /, o b e y in g  a ce rta in  d is tr ib u tio n . A s soon  
as Xt is o b se rv e d  and  k n o w n  at tim e  /, Ot no  lo n g e r  re m a in s  
a ra n d o m  v a riab le  b u t g e ts fix ed , w h ich  can  th e n  be 
c o m p u te d  by
a t ^ X , - p , X t . , .  (2 5 )
E q . (2 5 ), a p p a ren tly  ju s t  a d iffe re n t fo rm  o f  o u r g iv e n  m o d e l
(2 4 ) , re su ltin g  fro m  a co n s id e ra tio n  o f  th e  'o rth o g o n a l 
d e c o m p o s itio n 'Ju s t d iscu ssed , p ro v id es  us w ith  an  in te re s tin g  
in te rp re ta tio n . A s {A,} is a d e p e n d e n t se rie s  an d  at is an 
in d ep en d e n t o n e , w e m ay  c o n s id e r th e  m o d e l (2 4 ) as a d ev ice  
to  re d u c e  a d e p e n d e n t d a ta  se t in to  an  in d e p e n d e n t o n e  
(a c c o m p lish e d  b y  rem o v in g  from  X, the  p art th a t d e p e n d s  on 
A,_]). A n  im m ed ia te  im p lic a tio n  is th a t th e  a ssu m p tio n  o f  
in d ep en d e n ce  s tip u la ted  at th e  s ta rt o f  S ec tio n  2  is fav o u red  
b y  o u r  p ro p o se d  m o d e l (2 4 ).
N ex t, w e  m u s t b o th e r o u rse lv e s  w ith  th e  jo b  o f  e s tim a tin g  
p a ra m e te rs  f ig u rin g  in o u r m o d e l (2 4 ). F o r c o n c re te n e ss , w e 
m ay  assu m e th a t at p o sse sse s  a  n o rm a l d is tr ib u tio n  ;
a ,  ~ N I D ( 0 , a i ) , (2 6 )
w h e re  N ID  s tan d s  fo r th e  p h ra se  'n o rm a lly  in d e p e n d e n t 
d is trib u ted '. A s th e  m o d e l (2 6 ) is ju s t  a c o n d itio n a l reg re ss io n , 
w e  can  in v o k e  th e  te c h n iq u e  o f  c o n d itio n a l leas t sq u a re s  to  
g e t e s tim a te s  o f  P\ an d  cr^ [36 ] :
h  = = 0 .5 4 9 ,
(2 7 a )
r - 2
/>2
^ r e s id u a l  su m  o f s q u a re ^  ^ 1 2 7  9 7 1  (2 7 b )
n u m b e r o f  re s id u a ls
F o r  th e  e x p re s s io n s  a b o v e , X  h as  b een  su b tra c te d  fro m  th e  
da ta .
N o tic e  th a t th e  e s tim a te  o f  th e  p a ra m e te r  fi, f ig u r in g  in 
o u r  m o d e l (3 0 )  a n d  g iv en  b y  cq . (2 7 a ) , sh o w s  th a t
Pi <l?t0. (2 8 )
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Thus the extent o f  the dependence of^V/ on X, \ (as measured 
by this param eter) is w eak (JJ is small, fo r | ) 3 i l < l ) .  
Nevertheless, eq. (2 7 a ) does evince a relationship between  
X, and X, I In other words, the process depicted
by our O 3 tim e events ( 1 ) is not just statistical but also not 
uncorrelated i.e. is stochastic, as we assumed here. A gain , 
eq. (2 8 )  (sm all but nonzero fi) also shows that the process
( 1 ) is stationary — o f  cour.se, corresponding to an stipulation  
o f  some suitable restrictions related to the w hite noise yi and 
the general terms in the orig inal eq. (2 3 ) [37]. This stationarity 
has the im portant characteristic that mean, variance and 
correlation (covariance, in the language o f  usual statistical 
analysis) o f  the ind ividua l O 3 events in the process ( 1 ) 
rem ain the same fo r all /. This  in form ation is encoded in the 
autocorrelation function
P a :=  J im p * ,  (2 9 a )
where Pk • -  (2 9 b )
is the estimate o f  the autocorrelation at k lags, p , being the 
autocorrelation (g iv in g  an estim ate o f  the relation or 
dependence betw een values of X/) one lag apart or at lag one.
In  an exp lic it corroboration o f  our argum ent at the 
beginning o f  this section, the line spectrum (periodogram ) 
constructed in Figure 3 identifies the randomness in the O i
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Thus, the spectrum reinforces the assertion m ade at the 
beginning o f  Section 2.
A lso, the scatter p lo t o f  A)_i against Xi (see Figure 4 ) 
reveals, as expected, a rather com plex dependence o f  the
Figure 3. Periodogram displaying the stochastic process in the phenomenon 
of OLD.
depth process ( 1), it is in  fact, speaks fo r a seasonality (o r 
trend) am ong the g iven  tim e events. M o re o v er, our line  
spectrum exhibits  a predom inance o f  positive over negative  
a u to c o rre la tio n s , i.e. a d o m in a n c e  o f  lo w -fre q u e n c y  
am plitudes over h igh frequency ones. In  other words, there  
is taking place a dam ping  o f  O 3 concentration over tim e.
Figure 4. Scatter plot of Zi^ ] versus x, elucidating rather complicated 
dependence of future and past values of or.one depths. 
y  = 127 971 + 0  5 4 9 jf  + £, (’I'rend equation)
future on the past, again as conjectured at the outset o f  this 
section. C learly , there m ay exist serious tem poral and spatial 
lim itations o f  our m odel (2 4 )  as a representation o f  the real 
stratosphere. H ow ever, given this, the eddy d iffusion  in the 
m odel m ay be thought o f  as a radial^ d iffusion  o f  the 0  ^
towards stratospheric region in question (such as Pakistan). 
In other words, this m odel (2 4 )  m ay be interpreted as a 
special case o f  the random w a lk  [31 ] m odel o f  transportation 
o f  O 3 flux . This nicely ties up w ith  the critica l geographical 
position o f  Pakistan — roughly covering the South Asia 
between <p e  [2 3 .4 5 °N , 3 6 .7 5 °N ] and A f b T E ,  7 5 .5 ‘’E] -  - 
and the large positive correlation betw een the potential 
vortic ity  deviations and O 3 m ix in g  ratios in the stratospsherc
[2 ] O 3 depth fluctuations seem to be transported alongwith  
seasonal variations (cf F igure 3 ) to Pakistan's atmospheric 
regions [2 6 ]. M o reo ver, the O 3 layer v aria b ility  form s an O 3 
filte r in the passage o f  U V -B . This  O 3 filte r  appears to be 
transported to Pakistan via a vertica l liftin g  fo llow ed  by a 
horizontal m ix in g  o f  O 3 contents.
O u r model (2 4 ) in further Justified by num erous evidences. 
The residual analysis fo r eq. (2 5 )  graphed in F igure  5 amply  
demonstrates that the constructed m odel is reasonably 
adequate. M o re o v er, the correlational structure o f  the O3 
process ( 1)  (its correlation w ith  itselO  — determ ined by the 
autocorrelation function (2 9 a ) betw een the /-th  observation 
and the ( / +  /n )-th  at various lags o f  I ,  2 or m ore periods 
— shows a su ffic ien tly  h igh  degree o f  correlation (see 
Figure 6 ), the high orders o f  our m odel (2 4 )  indicating in 
turn, a good fit  o f  eq. (2 4 )  to the tem poral process (1 ) 
F u r th e rm o re , th e  e r ro r  s tru c tu re  re v e a le d  b y  the 
autocorrelation fo r residuals o f  the O 3 depth events exhibits 
a rather neat serial correlation {vide F igure 7 ). A  comparison
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S o th e  fo re c a s t fo r  th e  O 3 d e p th  fo r  th e  m o n th  o f  Ja n u a ry  
2 0 0 0  {i.e. fo r  th e  4 8 1 -s l m o n th  re c k o n e d  fro m  th e  y e a r
Figure 5. Residuals showing the adequacy of the constructed model of 
OLD for atmospheric region of Pakistan.
Figure 6. Autocorrelation function for OLD between ;>th observation and 
llic (/ + w)-lh giving high correlation
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Pigurc 7. Autocorrelation function for the residuals of OLD, showing 
plainly the presence of high scnal correlation between observed and 
predicted model values.
of o b se rv e d  O3 p ro c e s s  d e sc r ib e d  in T a b le  1 w ith  th e  
p red ic ted  o n e  o n  th e  b a s is  o f  eq . (2 4 )  c o m fo r ta b ly  e s ta b lish e s  
the v a lid ity  o f  th e  c o n s tru c te d  m o d e l ( c f  F ig u re  8 ).
P lu g g in g  th e  e s t im a te s  fo u n d  a b o v e  in  th e  m o d e l (2 4 ) 
gives
=  127 .971  + 0 .5 4 9 (3 0 )
929 Mil
Figure 8. Comparison of observed and predicted values of OLD, establishing 
well the nature of constructed model (c/ text)
Ja n u a ry  1960) is p ro v id e d  by  th e  fo llo w in g  e q u a tio n  on  
in se rtin g  JC480 =  2 6 0  D U  in eq . (3 0 )  :
-^481 -  127.971 + 0 .5 4 9  X480
-  127.971 +  0 .5 4 9  x 2 6 0  -  2 7 0 .7 1 1 . (3 1 )
It can  be  e x am in ed  th a t th e  fo re c a s t a c c u ra c y  is 4 .1 2 % , 
w h ich  is su itab le  fo r  P a k is ta n 's  s tra to sp h e re .
5. Conclusion
A s S ec tio n  1 sh o w s, th e  p h e n o m e n o n  o f  O L D  is a  p o te n tia l 
so u rce  o f  U V  ra d ia tio n  on  th e  su rfa c e  o f  th e  ea rth . T o  m ee t 
th is  im m ed ia te  th rea t, w e req u ire  to  p ro p e rly  g a u g e  an d  
m o n ito r  th e  im p ac t o f  O L D  on th e  p re se n t d a y  e n v iro n m e n t. 
A s a rg u ed  in th a t sec tio n , fo r a sy s te m a tic  h a n d lin g  o f  th e  
p ro b lem , w e n e e d  to  try  to  u n d e rs tan d  th e  n a tu re  o f  v a ria tio n s  
in th e  O 3 c o n c e n tra tio n s  in th e  s tra to sp h e ric  re g io n  o f  any  
sp e c if ic  a rea . T h u s , as u n d e rta k e n  in S e c tio n  2 , o u r  
c a lc u la tio n s  sh o w  th a t th e  p ro c e ss  ( 1 ) p o sse sse s  a  g o o d  
d e g re e  o f  n o rm a lity , w h ic h  is re a so n a b le  fro m  th e  v ie w p o in t 
o f  fu r th e r an a ly s is . H o w e v e r, it ra ise s  th e  q u e s tio n  o f  th e  
p e rfo rm a n c e  o f  D o b so n  sp e c tro p h o to m e te rs  b e in g  u se d  fo r 
re c o rd in g  th e  ev en ts  a t th e  d e tec tio n  c en tre s , on  th e  o n e  h an d , 
an d  o f  th e  ac tu a l c o n fig u ra tio n  o f  th e  O 3 d ep th  p ro b a b ili ty  
d is tr ib u tio n , on th e  o th e r.
N ex t, u tilis in g  th e  s ize  e s tim a te s  o f  O t c o n c e n tra tio n  
w o rk e d  o u t in S ec tio n  3, S ec tio n  4  c o n s tru c ts  an d  v a lid a te s  
a lin e a r se lf-re g re ss iv e  m o d e l, g iv in g  a fo re c a s t o f  O 3 d e p th s  
for Pak istan 's  s tra to sp h eric  reg ion  w ith  g o o d  fo recast accu racy . 
In  a d d itio n  to  e x p la in in g  v a rio u s  p h y sica l fe a tu re s  o f  th e  O 3 
p h e n o m e n o n  as a p ro cess , th u s  s tre n g th e n in g  o u r  e a r lie r  
find ings, it is qu ite  in te restin g  th a t such  a  fo recas t co m p u ta tio n  
fo r O 3 d e p th s  c o u ld  len d  in s ig h t in to  th e  v e ry  p h y s ic a l 
m ech a n ism  g e n e ra tin g  fu tu re  e v en ts , f o  th e  b e s t o f  o u r 
k n o w le d g e , th e  s tu d y  p re se n te d  in th is  p a p e r  d o e s  n o t seem
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to  h a v e  b e e n  u n d e rta k e n  in th e  p u b lish e d  lite ra tu re , in 
p a r t ic u la r  in a  lo c a l/re g io n a l p e rsp e c tiv e . In fact, h o w ev e r, 
th e  q u e s tio n  o f  O 3 d e p th s  is still u n a n sw e re d  in m an y  
re s p e c ts  e.^, h o w  a b o u t a  ju s tif ic a t io n  in tre a tin g  th e  
c o n d i t io n a l  r e g r e s s io n  a s  a  re g r e s s io n ,  r e d u c t io n  in  
a ssu m p tio n s  m a d e  fo r o u r m o d e l, a  fresh er sch em e p resu m ab ly  
su p e r io r  to  th e  su g g e s te d  m o d e l, d e ta ile d  an a ly s is  o f  th e  
p e rio d ic i tie s  o f  O L D , m o d ify in g  th e  m o d e l d u e  to  th e  ro le  
o f  a e ro s o ls  in th e  O L D , etc.
A c k n o w le d g m e n ts
T h is  w o rk  w as  c o m p le te d  u n d e r a s tu d y  leav e  fro m  th e  
D ep a rtm en t o f  A p p lied  P hysics, F^aciilty o f  S cience , U n iv ers ity  
o f  K arach i. W e w o u ld  like  lo th an k  th e  C h a irm an , D ep a rtm en t 
o f  A p p lie d  P h y s ic s , an d  th e  D ean , F a cu lty  o f  S c ien ce . 
G ra te fu l a c k n o w le d g e m e n t is a lso  d u e  to  th e  D ire c to r a n d  
th e  s ta f f  o f  G e o p h y s ic a l C e n te r , Q u e tta , P a k is ta n  fo r h a v in g  
p ro v id e d  th e  d a ta  re c o rd e d  by  th e  re c e n tly  in s ta lle d  D o b so n  
S p e c tro p h o to m e te r  u n d e r  th e  a u sp ic e s  o f  U N O .
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